Abstract Angiotensin-converting enzyme (ACE) is best known for the catalytic conversion of angiotensin I to angiotensin II. However, the use of gene-targeting techniques has led to mouse models highlighting many other biochemical properties and actions of this enzyme. This review discusses recent studies examining the functional significance of ACE tissue-specific expression and the presence in ACE of two independent catalytic sites with distinct substrates and biological effects. It is these features which explain why ACE makes important contributions to many different physiological processes including renal development, blood pressure control, inflammation, and immunity.
Introduction
The 1956 discovery by Skeggs that angiotensin II results from the cleavage of angiotensin I by angiotensin-converting enzyme (ACE) paved the way for a spectacular (and now legendary) success story [1] . Insightful understanding of ACE, a little help from a Brazilian viper, and a touch of luck led to the development of ACE inhibitors, which are now powerful tools to treat hypertension, heart failure, and other diseases. In part, these drugs are effective because ACE inhibitors prevent angiotensin II formation. However, to understand ACE, one must realize that ACE has many effects beyond angiotensin II production. ACE cleaves many substrates, including angiotensin I, bradykinin, substance P, the tetrapeptide AcSDKP, and several others [2] [3] [4] [5] . This is one reason that ACE has so many different physiologic actions. Besides wide substrate specificity, there are several biochemical features that make ACE distinctive and contribute to its diverse physiologic effects. For example, the cloning of ACE revealed that the enzyme consists of two independent catalytic domains [6, 7] . These domains share a high degree of amino acid homology and are thought to be the result of an ancient gene duplication [8] . In many respects, the structure of ACE as a single polypeptide chain organized into two independent catalytic domains is the defining physical characteristic of the enzyme. Another important feature of ACE is the physical localization of high quantities of the enzyme on the surface of vascular endothelium, positioning ACE to produce angiotensin II in immediate juxtaposition to vascular smooth muscle [2, 9] . This in turn causes vasoconstriction and raises blood pressure. Large amounts of ACE are also produced by epithelium of the renal proximal tubule [10] . ACE in these and several other locations raise the question as to what are the local effects. Here we will focus on three topics: the local role of ACE in the kidney, novel insights into the function of each of the ACE catalytic domains, and studies on the role of ACE on the immune response. Many studies examining these areas have used mutated mice created through targeted homologous recombination in embryonic stem cells. While such animals are unique and wondrous tools allowing the creation of virtually any type of mutation, it is worth noting that these models do have limitations. For example, an animal lacking a gene from conception has the theoretical possibility of compensating for the genetic change. Further, while mice are surprisingly close to humans in their biology, and mouse genetic models have been generally quite successful in mimicking human syndromes, this is not always the case; there are several instances in which mouse and human physiology and pathology have not proven to be identical [11] [12] [13] [14] . Nonetheless, many published studies do show the remarkable and unique biological insights that can be obtained by studying genetically modified mice [15, 16] .
The phenotype of ACE null mice
The multiple actions of ACE are demonstrated by the phenotype of mice null for all ACE expression [ACE knockout (KO) mice] [17, 18] . Such animals have profound hypotension with systolic blood pressures nearly 40 mmHg lower than wild type (WT) mice. The ACE KO mice also have renal developmental abnormalities characterized by hypoplastic renal medullas and an expansion of the renal papillae. Knockout mice are also unable to effectively concentrate urine. These hemodynamic and renal abnormalities are common to mice lacking either ACE, angiotensinogen, renin, or the AT 1 receptor (AT 1 R), suggesting that the phenotype is caused by a lack of angiotensin II formation [19] [20] [21] [22] [23] . However, ACE KO mice also have phenotypic abnormalities not seen in other models lacking renin-angiotensin system (RAS) components. For example, the absence of ACE by germ cells induces male infertility, a phenotype not present in angiotensinogen KO mice [17, 18] . We note that human males treated with ACE inhibitors are not reported to be infertile, perhaps because of the lack of total ACE inhibition in the testes during drug administration [24] . ACE null mice also have a variety of hematologic abnormalities, including anemia and a shift toward increased production of immature myeloid cells [17, 18, 25] . These abnormalities are more extensive than have been reported for angiotensinogen or renin knockout mice. Some of the phenotypes, such as anemia, have been observed in normal human volunteers administered ACE inhibitors [26] . Further, analysis of rats treated with either an ACE inhibitor or an AT 1 receptor antagonist during only the first two weeks of life resulted in adult animals with widening of the renal papillary space and a reduction in the ability to concentrate urine, akin to the changes in ACE KO mice [27, 28] . Finally, in human newborns exposed to ACE inhibitors, there is renal juxtaglomerular hyperplasia, dilatation of Bowman's space, renal tubular dilatation, and increased cortical and medullary fibrosis [29, 30] .
Importance of endothelial ACE
The high expression level of ACE by vascular endothelium has been known for many years. Indeed, under normal physiologic conditions, virtually all plasma angiotensin I is converted to angiotensin II during a single pass through the lung, an organ rich in endothelium and ACE expression [9] . To examine the role of endothelial ACE, "swapping" was used to place the ACE gene under the control of the albumin promoter [31] . These new mice, termed ACE 3/3, produce ACE on the surface of hepatocytes but make no endothelial ACE. Active ACE is released into the plasma by the actions of a cell surface sheddase and, as a result, ACE 3/3 mice have roughly equivalent levels of circulating ACE activity as found in WT mice [32] . Surprisingly, despite a total lack of endothelial ACE, ACE 3/3 mice have normal blood pressure, normal renal morphology, and normal renal function. Several other mouse models were made in which ACE expression was targeted to individual tissues while eliminating its expression from endothelium. Yet, similar to what was found in the ACE 3/3 mice, virtually every animal model that makes some ACE is able to maintain a normal blood pressure, even if ACE expression was present in nontraditional tissue types [33, 34] . These data are consistent with studies from Dr. Oliver Smithies, who used both animal models and computer modeling to conclude that the exact levels of ACE in vivo have little long-term effect on basal blood pressure levels [17, 35] . In fact, renin expression is highly variable and can rapidly compensate for differences in ACE expression. Smithies concluded that only when the reduction of ACE activity is greater than 90 % will renin production no longer be able to compensate. In such an instance, there is a reduction of blood pressure. Thus, the conclusion from this and a variety of other studies is that while endothelial ACE is a major source of angiotensin II production, the plasticity of the RAS is such that changes in renin expression can compensate for remarkable alterations in both the tissue distribution and the tissue levels of ACE.
Circulating ACE levels are not identical in all humans. Males typically make more ACE than females [36, 37] . Children 4 to 18 years old typically have higher ACE levels than adults. One of the major factors influencing ACE levels is a genetic polymorphism first reported by Rigat et al. in 1990 [38] . This group identified a 287 base pair Alu repeat within the 16th intron of the ACE gene (17q23). The presence of this Alu repeat, termed the I (insert) allele, contrasted with the lack of the repeat, the D (deletion) allele. 49 μg/L). This genetic polymorphism accounts for approximately 47 % of the differences in serum ACE levels [38] . Further studies showed that it was probably not the presence of the Alu repeat itself that caused these differences in ACE levels but rather another ACE gene variant in strong linkage disequilibrium with the Alu repeat polymorphism [37] . The presence of other polymorphisms with significant effects on plasma ACE levels and their impact on blood pressure has been reported [39, 40] .
In 1992, a report appeared that indicated that the D/D genotype was found more frequently in patients with myocardial infarction than in control subjects [41] . This initiated many studies examining the association of the I and D genotypes (and associated ACE levels) with a variety of diseases including heart failure, hypertension, and even Alzheimer's disease. While the initial studies suggested an important role in cardiovascular pathology, these conclusions became progressively less certain with increased numbers of studies incorporating ever larger numbers of subjects. Several meta-analyses have investigated the role of the I/D polymorphism. For example, a study conducted by Agerholm-Larsen in 2000 reported that in over 40 studies comprising 42,715 Caucasian subjects, plasma ACE was increased in the D/D genotype, but blood pressure, increased risk of myocardial infarction, coronary disease, or stroke was not associated with the polymorphism [42] . Thus, the bulk of human investigation to date is consistent with what was found in animals, namely, that apart from the nearly complete inhibition of ACE activity induced by ACE inhibitors, natural variations in plasma ACE levels have little effect on average blood pressure levels or target organ damage [8] .
One of the most interesting points of contention in considering ACE is the relative physiologic importance of tissue bound ACE vs. the active enzyme that circulates in plasma. While several groups have considered this question, even today the correct interpretation is quite nuanced. First, it is important to emphasize that the vast majority of ACE is bound to tissues. Lung, testis, and kidney contain abundant amounts of ACE. For example, ACE comprises approximately 0.1 % of the total protein of lung. In contrast, circulating ACE is only about 0.0017 % of total serum proteins [43, 44] . A mouse model that had about 75 % normal plasma ACE activity (measured under substrate limiting conditions) but lacked all tissue-bound ACE was still highly deficient in overall ACE activity and presented with a reduced blood pressure equivalent to a complete ACE knockout mouse [45] . Second, both forms of ACE are equally catalytic [46] ; in humans, the cell-bound sheddase that releases ACE from tissues cleaves human ACE after Arg1203, releasing a soluble form of the protein containing both ACE catalytic domains [47] . Finally, from the perspective of the receptors that ultimately mediate the effects of angiotensin II and other ACE substrates, it is the concentration of ligand that is important. In other words, receptors make no distinction whether the ligand resulted from circulating or tissue-bound ACE. Thus, under basal circumstances, tissue ACE and, to a lesser degree, the circulating form of ACE combine to produce the final concentration of angiotensin II and other ACE products.
The important role of renal ACE
Many scientists have emphasized the important role of the kidney in regulating blood pressure [48, 49] . The kidney comprises 25 different cell types of which ACE expression has been reported in at least five, including endothelial cells, mesangial cells, and epithelial cells from the proximal tubule and distal regions of the nephron [50] [51] [52] [53] . By far, the site of highest expression of ACE is the brush border of the proximal tubule [10] . In addition to ACE, angiotensinogen, renin, and the AT 1 receptor are found within the kidney, raising the question of the specific local effects of angiotensin II production within this organ [54] . The observation that the systemic knockout of either angiotensinogen, renin, ACE, or the AT 1 receptor results in a common phenotype consisting of renal arteriolar thickening, hypotension, juxtaglomerular cell hypertrophy, hypoplastic renal medulla and papilla, hydronephrosis, and the inability to concentrate urine has been used to support the concept that angiotensin II production is important in renal organogenesis [19] [20] [21] [22] [23] . In addition, several studies indicate that the expression of ACE in the kidneys is temporally programmed during renal development [55] . However, several mouse models have been created in which ACE is either totally absent or nearly totally absent from renal tissue while being expressed in other locations. Normal renal development and renal function in these mouse models indicate that angiotensin II production by ACE from renal origin is thus not necessary to ensure proper organogenesis [31, 33, 34] . Additional insight was provided by experiments in a mouse model expressing ACE only in renal tissues and nowhere else. These mice, termed ACE 9/9, were created using the KSPcadherin promoter to substitute for the endogenous ACE promoter, resulting in ACE production only throughout renal tubular epithelium. Because of the restricted expression of ACE to renal tissues, this model still had a profound reduction of total ACE protein including the lack of ACE on any tissues positioned to convert plasma angiotensin I to angiotensin II. Probably because of this, the ACE 9/9 mice develop a phenotype very similar to systemic ACE knockout mice with hypotension, varying degrees of renal medullary thinning, and an inability to concentrate urine. Thus, a variety of experiments indicate that local ACE expression and angiotensin II generation within renal tissue is not sufficient to preserve normal kidney morphology and function in the setting of hypotension due to a systemic lack of ACE activity.
Renal ACE and baseline kidney function
The detailed physiologic study of specific functions of renal ACE has been complicated by the low blood pressure present in several ACE genetic models [56] . However, mouse genetic models lacking renal ACE while maintaining normal blood pressure support the concept that, in normotensive animals, renal ACE is not critical for basal renal function. For example, when ACE is only expressed in the heart, or only in the liver, or only in myelomonocytic cells, renal concentrating ability is preserved [31, 33, 34] . Further, a compound heterozygous mouse in which one ACE allele was null and a second ACE allele targeted ACE expression to the liver had a normal blood pressure, glomerular filtration rate (GFR), single nephron GFR, renal plasma flow, and renal concentrating ability [57] . In this model, only tubuloglomerular feedback was abnormal; it is being significantly reduced in the absence of renal ACE.
Renal ACE and hypertension
While indisputable evidence supports a role for the RAS in hypertension, a paradox is the absence of consistent signs of systemic RAS activation in most hypertensive subjects [58] . This has focused attention on alterations of organ-specific RAS function as responsible for, or at least permissive of, elevated blood pressure. Evidence from several laboratories supports the ability of an increased intrarenal RAS to elevate blood pressure. For example, transgenic mice over expressing angiotensinogen and renin in proximal tubular cells develop hypertension [59] [60] [61] [62] . We recently reported that when ACE 9/9 mice (mice expressing ACE only in renal tubules) were exposed to chronic angiotensin I infusion, they increased renal levels of angiotensin II, increased the rate of urinary angiotensin II excretion, and developed hypertension (Fig. 1) [52] . In these experiments, regardless of their basal hypotension, ACE 9/9 mice respond to systemic chronic angiotensin I infusion with a blood pressure increase that was similar in magnitude to that observed in wild-type mice treated with angiotensin I. Indeed, after 3 weeks of angiotensin I infusion, ACE 9/9 mice had a blood pressure increase of 41 mmHg over baseline vs. 36 mmHg in wild-type mice. These findings suggest that intrarenal ACE has the capacity to increase local kidney angiotensin II levels and to induce hypertension even in the absence of systemic ACE. Thus, while previous data suggest that under physiological conditions both the systemic and intrarenal RAS work in a concerted manner to maintain homeostasis of blood pressure [63, 64] , in certain pathological states, like the hypertension induced by angiotensin II infusion, there is an independent activation of the intrarenal RAS. Indeed, ACE expression is not only increased during angiotensin II-induced hypertension but also in many other conditions where renal parenchymal function is compromised [65] .
The ACE 9/9 mice were envisioned as the ideal approach to dissect the specific effects of renal ACE on blood pressure regulation. However, their renal phenotype and hypotension represented important constrains. For this reason, a second approach was to expose mice with no or minimal amounts of renal ACE to experimental hypertension. Specifically, mice with ACE expression in the liver (termed ACE 3/3) and mice with ACE expression in myelomonocytic cells (termed ACE 10/10) were studied [66] . Both models have normal basal blood pressure, despite markedly reduced or no renal ACE. These studies showed that the absence of kidney ACE blunted the hypertension induced either by angiotensin II infusion or by nitric oxide synthesis inhibition. Further, the renal response to high plasma angiotensin II was fundamentally changed. Indeed, intrarenal angiotensin II elevation, sodium and water retention, and activation of several transporters along the nephron, including NKCC2, NCC, and ENaC were substantially reduced or absent in the ACE 3/3 and ACE 10/10 mice. Thus, we found that the ACE within the kidney and the local, renal generation of angiotensin II work as master regulators of sodium transport along the nephron. These actions appear indispensable for mounting an anti-natriuretic response during experimental hypertension, even in the presence of high plasma angiotensin II levels [66] . Fig. 1 Mice expressing ACE only in renal tubules (ACE 9/9 mice) become hypertensive in response angiotensin I infusion. Wild-type and ACE 9/9 mice were infused with angiotensin I (1,000 ng/kg/min via osmotic minipump) for 3 weeks. Systolic blood pressure was determined by tail-cuff plethysmography. *p<0.05 vs. respective genotype and time-matched controls by two-way ANOVA. Data are presented as means and SEM
Function of the N-and C-domains of ACE
When ACE was first cloned, it became apparent that this enzyme is composed of a single polypeptide chain organized into two homologous catalytic domains, the N-and Cdomains [6, 7] . These domains are homologous in sequence; each domain independently binds zinc and is capable of ACE catalytic activity [67, 68] . Experimental data have indicated that the catalytic activity of the C-domain is probably negatively impacted by the presence of the N-domain [69, 70] . Although the two domains of ACE share many physical characteristics, including significant amino acid homology, they have some different biochemical properties including thermostability, chloride requirements, and substrate specificity (reviewed in [8] ). For example, in vitro analysis has demonstrated that the Κ cat of the ACE Cdomain for angiotensin I is approximately three-fold higher than that of the ACE N-domain [68] . This was investigated in mouse models in which point mutations were introduced into the mouse genome, selectively inactivating the catalytic activity of either the ACE N-or C-domains [71, 72] . Such mice are referred to as N-KO or C-KO, indicating the functional lack of the N-or C-domains, respectively. The genetic introduction of point mutations is quite selective; it prevents the targeted domain from binding the ACE cofactor zinc [68] . Both the N-KO and C-KO mice have a normalsized ACE protein, a normal pattern of ACE tissue expression, and a normal tissue abundance of ACE. Under basal conditions, both strains of mice maintain normal blood pressure and have plasma levels of angiotensin II similar to those observed in WT mice. However, analysis of angiotensin I levels and renin activity revealed a more complex picture. The N-KO mouse, lacking ACE N-domain activity, had renin and angiotensin I levels that were essentially identical to WT mice. In contrast, the C-KO mouse, lacking C-domain activity, maintained a normal blood pressure only by elevating renin and by increasing seven-fold the plasma levels of angiotensin I. These data indicate that, at least under in vivo basal conditions, it is the ACE C-domain that is mainly responsible for the conversion of angiotensin I to angiotensin II.
If the ACE C-domain is predominantly responsible for angiotensin II production, why has a catalytically active ACE N-domain been preserved over hundreds of millions of years? While the precise answer is not known, what is certain is that there are peptides that are preferentially or exclusively cleaved by the ACE N-domain. Perhaps the most interesting is the tetrapeptide acetyl-SerAspLysPro (AcSDKP) [73] . In the N-KO mouse, the plasma concentration of this peptide is 7.3-fold that measured in a WT mouse [71] . The initial studies of AcSDKP indicated that this peptide inhibited the recruitment of hematopoietic progenitors into active proliferation. AcSDKP has been studied for its effect on a variety of other physiologic processes, including angiogenesis [74] . Several studies from the laboratory of Dr. Oscar Carretero have used models of heart or kidney injury to show that AcSDKP can inhibit fibrosis [75] [76] [77] [78] [79] [80] [81] . Our group has studied bleomycininduced lung injury in the N-KO mouse [82] . Bleomycin is a chemotherapeutic agent that can induce lung fibrosis. When N-KO or WT mice were exposed to equivalent concentrations of intratracheal bleomycin, there was much less inflammation and fibrosis in the N-KO mice. As discussed, these animals have elevated AcSDKP levels, and this peptide was implicated as the etiologic cause of the reduced injury response observed in the N-KO model. Thus, several studies implicate an ACE N-domain substrate as important in regulating the injury response.
ACE and immunity
Recently, several lines of investigation have focused on potential roles of ACE in the immune response. This work was the natural outgrowth of three research trends concerning the RAS. First was the realization that angiotensin II can be a proinflammatory molecule. Further, recent experiments from Dr. David Harrison and others have emphasized inflammation as an important factor contributing to hypertension [83, 84] . Finally, mouse experiments discussed below indicate that manipulation of myeloid cell ACE levels can have profound effects on the immune response. While a discussion of the complete effects of the ACE on the immune response are beyond this review, here we focus on studies indicating that enhanced ACE expression by myelomonocytic cells can markedly augment the immune response.
Cytokine expression
There is significant data suggesting that ACE may play a role in regulating cytokine expression by monocytes and macrophages. These data come from an analysis of the N-KO mice discussed above [82, 85] . Figure 2 shows data from an experiment in which thioglycollate-elicited peritoneal macrophages were collected and exposed in vitro to lipopolysaccharide (LPS) for 18 h. LPS is a well-studied immune activator, and macrophages respond to LPS exposure by increased production of a variety of proinflammatory cytokines, including IL-12, nitric oxide, and TNFα. Cells derived from C-KO mice (animals lacking ACE C-terminal activity) produce TNFα levels equivalent to cells from WT mice. In contrast, equivalent cells derived from N-KO mice produce substantially higher levels of TNFα. While the precise biochemical differences giving rise to such exaggerated TNFα production by N-KO cells is not understood, it is known that a similar increase of TNFα production is observed in vivo in N-KO mice exposed to LPS. Further, increased TNFα production was found in peritoneal macrophages from N-KO mice made hypertensive by angiotensin II infusion. In vitro, N-KO macrophages overproduce the pro-inflammatory cytokine IL-12 in response to LPS but produce less of the antiinflammatory cytokine IL-10 [85] . While these findings clearly show an effect of the ACE N-domain on cytokine production, what is not clear is whether this is a direct effect on the biochemistry of cytokine production or whether the biochemical milieu within the ACE N-KO mice somehow instructs macrophages along a developmental program leading to changes in differentiation state and an intrinsically higher inflammatory response to pro-inflammatory stimuli.
ACE and MHC class I peptide processing
Recently, ACE has been described as affecting another immune phenomenon, the processing of peptides displayed by major histocompatibility (MHC) class I molecules on the surface of cells [86] [87] [88] [89] . Under basal conditions, MHC class I molecules display peptides derived from the normal protein complement of a cell. The peptide repertoire displayed by each individual identifies that individual and the immune system of the individual is tolerant of (i.e., non-reactive against) such displayed peptides. However, following viral infection, peptides derived from viral proteins are also displayed on the surface of cells. These are detected as foreign and lead to CD8 + T cell activation and destruction of the infected cells.
Published studies indicated that when ACE was overexpressed in cells, it affected the normal processing of MHC class I peptides [90, 91] . Specifically, peptides undergo trimming in the endoplasmic reticulum before being loaded onto MHC class I molecules and trafficked to the cell surface. While the overexpression of ACE can affect such trimming, we wondered what was the role of natural levels of ACE expression on this important immune function. To investigate this, several approaches were used to assess MHC class I peptide repertoire in ACE KO and ACE WT mice. Perhaps most informative were experiments that took advantage of cross-immunization [91] . If a mouse is immunized with cells that are totally identical (syngeneic), the T cells of the recipient mouse will be tolerant, and there will be no CD8 + T cell activation. However, if the same experiment is performed in animals that are not identical, the recipient mice will recognize the immunizing (or transplanted) cells as foreign, leading to CD8 + T cell activation. This can be detected because activated CD8 + T cells make interferon-γ (IFN-γ). To assess the role of ACE, we created two strains of mice that were on the same genetic background except for the presence or absence of ACE. Following cross-immunization, it became apparent that these two strains treat each other's tissues as non-identical. As shown in Fig. 3 , when recipient WT mice receive WT donor tissue, less than 1 % of CD8 + T cells produce IFN-γ. In contrast, when WT mice were immunized with cells from a mouse that was an ACE KO, more than 20 % of the CD8 + T cells were activated and produced IFN-γ. The opposite experiment (ACE WT donor and ACE KO recipient) showed exactly the same results. Thus, these experiments suggested the very novel finding that the MHC class I peptide repertoire presented by a mouse null for ACE expression is sufficiently different from that of a WT mouse that the two animals recognize each other's tissues as foreign. These conclusions were quite novel since the general consensus was that MHC class I peptides were enzymatically trimmed from their N-termini, and not by a carboxypeptidase such as ACE. Many other experiments and controls were performed to verify the conclusions. One set of experiments used a specific anti-MHC class I antibody that bound to the immunizing cells and partially prevented MHC recognition by the recipient's CD8 + T cells. The specificity of this antibody proved that it was MHC class I (and not other factors such as cytokines) that evoked the immune response. In a second important control, a WT recipient mouse was immunized with cells from an ACE KO mouse. The recipient was then sacrificed and its splenocytes were challenged with one of two syngeneic cell populations: either syngeneic cells from an ACE WT mouse or syngeneic cells from an ACE WT mouse, but from a donor that was previously treated with an ACE inhibitor for several days. When the recipient WT mouse was immunized with ACE KO tissues and then challenged with WT TNFα ng/ml WT N-KO C-KO ACE KO Fig. 2 ACE affects macrophage TNFα production. Peritoneal macrophages were collected from ACE knockout (KO), wild type (WT), N-KO, and C-KO mice 4 days after intraperitoneal thioglycollate injection. After purification by adhesion, the cells were cultured for 18 h in the presence of 1 μg/ml LPS. TNFα concentration was then measured by ELISA. Data from individual mice, as well as the group means and SEM, are shown. Cells from N-KO mice produce much more TNFα than cells from the other ACE genotypes cells (i.e., totally syngeneic cells) but from an animal treated with an ACE inhibitor, the WT recipient's T cells detected foreign epitopes, resulting in T cell activation and IFN-γ production. Human patients taking ACE inhibitors are neither immunosuppressed nor typically develop autoimmune disease. This may be due to the many controls that normally regulate the immune response. Nonetheless, these data suggest that, at least in mice, the carboxypeptidase ACE does play a role in a very important immune process, the generation of MHC class I peptide diversity.
The genetic overexpression of ACE in myelomonocytic cells
Shen et al. used targeted homologous recombination to place the ACE gene under the control of the c-fms promoter [34] . As a result, mice homozygous for the mutant allele, termed ACE 10/10 mice, express large quantities of ACE in myelomonocytic cells including monocytes, macrophages, Kupffer cells, and microglia. Further, these mice lack ACE expression in other tissues, including the endothelium and the kidneys. Despite this distinct pattern of expression, the phenotype of these mice is grossly normal; they maintain normal blood pressure, kidney function, and normal histological appearance of the bone marrow and peripheral blood. ACE 10/10 mice have an enhanced innate and adaptive immune response that confers significant anti-tumoral and anti-bacterial protection [34, 92] . When normal mice were challenged with an intradermal inoculation of B16 melanoma cells, they developed a large neoplasm. However, ACE 10/10 mice showed substantial anti-tumoral protection with tumors that averaged only one-sixth (1/6) the size of those in WT mice. This was associated with increased tumor and vascular inflammation, with a large increase in the number of intra-tumor monocytes and macrophages. There was also a systemic increase in the number of antitumor CD8 + T cells. Further, the analysis of the ACE 10/10 macrophages revealed an increased production of proinflammatory cytokines. That the observed responses were myelocytic specific and not the result of an absence of ACE in other tissues was confirmed by bone marrow transplantation experiments. Specifically, when ACE 10/10 bone marrow was transplanted into WT mice, the recipient mice showed substantially increased protection against B16 melanoma, as compared to equivalent mice transplanted with WT bone marrow. Importantly, the conferred protection was also independent of angiotensin II. The best evidence for this came from experiments in angiotensinogen knockout mice. When these mice were bred with the ACE 10/10 mice, the double mutants exhibited an anti-tumor immune response significantly better than angiotensinogen mice having WT ACE alleles. Further, ACE 10/10 mice treated with an ACE inhibitor displayed an anti-tumor response equivalent to ACE inhibitor treated WT mice; treatment of ACE 10/10 mice with an AT 1 receptor antagonist did not reduce the immune response.
The immune protection conferred by the ACE 10 mutation extended beyond the anti-tumoral response. Follow-up experiments showed that ACE 10/10 mice have an increased resistance to infection by either Listeria monocytogenes, an intracellular pathogen, or methicillin-resistant Staphylococcus aureus (MSRA), an extracellular pathogen [92] . Once again, the reduced bacterial burden observed in ACE 10/10 mice was dependent on the catalytic activity of ACE, not on angiotensin II synthesis. In response to bacterial challenge, the macrophages of ACE 10/10 mice made more inducible nitric oxide synthase and more nitric oxide (NO). This is important because NO production and the generation of reactive nitrogen intermediates are an important part of bacterial killing by mouse macrophages. Anti-viral memory response As discussed, a major role of MHC class I peptide presentation is to help defend against viral infection. This was tested in ACE 10/10 mice. Polyoma viruses (PyV) are a family of DNA-based viruses. One type of PyV in particular, named BK, is often a problem in immunocompromised individuals, especially patients receiving renal and bone marrow transplants [93] . PyV is also a mouse pathogen. It is known that the major PyV MHC class I peptide epitope is a peptide termed LT359-368 [94] . When cells are infected with PyV, they will present this peptide on the cell surface bound to MHC class I. Many other viral peptides are also presented, but it is this peptide that will induce a strong CD8 + T cell response. To investigate the immune response in ACE 10/10, we first infected female WT and ACE 10/10 mice with PyV. This causes a chronic, low-level infection [95] . At 28 days, the same mice were re-challenged with either WT vaccinia virus or LT359-368 embedded vaccinia virus (VV-LT). Normally, vaccinia virus is not immunologically related to PyV, and indeed, as shown in Fig. 4 , when ACE 10/10 or WT mice were exposed to WT vaccinia (VV-WT), there were no differences in viral titers. However, for this experiment, we also used the vaccinia strain VV-LT which contains the LT359-368 PyV amino acid sequence against which the mice had previously been exposed during the original PyV infection. In other words, this is a chimeric vaccinia virus containing the critical MHC class I epitope from PyV. Four days after vaccinia infection, mouse ovary vaccinia viral titers were measured by a plaque assay. There was no difference between ACE 10/10 and WT mice exposed to VV-WT (i.e., wild-type vaccinia: Fig. 4, lanes 1  and 2) . However, with VV-LT, six of the eight ACE 10/10 mice had no detectable vaccinia virus (lane 4). In contrast, only one of the eight WT mice had a similar clearance (lane 3). This dramatically demonstrates the improved immune response present in ACE 10/10 mice.
The above experiments reflect data obtained in a mouse model overexpressing ACE. In some senses, this is equivalent to the pharmacologic use of ACE. In humans, the immune system is composed of many different components, and it appears that under normal conditions, the treatment with ACE inhibitors has no appreciable negative effects on the immune response to either infection or malignancy. This was closely examined following a 2010 article suggesting that there may be increased risk of cancer associated with the use of AT 1 receptor blockers [96] . Several meta-analyses have now concluded that the use of ACE inhibitors is not associated with increased incidence of cancer [97] [98] [99] . In addition, the bulk of these studies suggest no overall risk or mortality for angiotensin II receptor antagonists. However, the incidence of cancer with the combination of receptor antagonists and ACE inhibitors cannot be ruled out.
Conclusion
The outline of the RAS was known in the 1950s when ACE was first discovered. ACE inhibitors were approved for human use in the early 1980s, but the enzyme was not cloned until [1988] [1989] . It was only then that people realized that ACE was composed of two similar but independently catalytic domains, the N-and C-domains. More than anything, this is the defining characteristic of ACE. The combination of these two domains, relatively nonspecific substrate specificity, and wide tissue distribution have positioned ACE as an important enzyme in many different physiologic processes. Doctors routinely decrease ACE activity with ACE inhibitors. However, we now know that an increase in ACE activity can have important effects. While ACE has been investigated for over 50 years, the modern understanding of this enzyme has motivated groups to synthesize and study ACE domain specific inhibitors [100, 101] . The clinical utility of such inhibitors are not yet known, yet we would predict that these drugs will eventually offer a repertoire of agents to manipulate ACE, and that such drugs will eventually find their place in clinical practice. All mice were infected with mouse polyoma virus on day 0. On day 28, mice were challenged with either wild type vaccinia virus (VV-WT) or a genetically modified vaccinia virus expressing the polyoma amino acid sequence LT359-368 (VV-LT). Four days after the vaccinia infection, the mice were sacrificed, and the titer of vaccinia virus in the ovaries of each mouse was measured by a plaque assay. ACE 10/10 mice are not intrinsically resistant to WT vaccinia virus. However, once immunized with polyoma virus, the ACE 10/10 mice were substantially more resistant to VV-LT vaccinia virus that expressed the major MHC class I epitope of polyoma. The figure shows data from individual mice, as well as the group means and SEM
